Introduction
============

Gastric cancer (GC) is the third most common cancer and second leading cause of cancer-related mortality worldwide, with 989,600 new cases and 738,000 deaths per year.[@b1-ott-9-279] Although there have been advances in the management of GC, definitive surgical resection remains the cornerstone of curative therapy. A large proportion of patients are diagnosed with advanced and unresectable disease, and among those who present at an early stage, many suffer locoregional recurrences or distant metastases. The etiological and histological heterogeneity of GC indicates a desperate need for further insight into GC genomic characteristics, since alterations identified in GC genome might lead to the development of detailed patient stratification and individualized therapy.

Telomerase is a specialized reverse transcriptase that elongates telomeres to compensate for telomere shortening during DNA replication.[@b2-ott-9-279] Telomerase reverse transcriptase (TERT) -- the catalytic unit of telomerase complex and rate-limiting determinant of telomerase activation[@b3-ott-9-279],[@b4-ott-9-279] -- is expressed in 80%--90% human tumors including GC and most cancer cells, but not in the majority of normal tissues and somatic cells, allowing it to be a promising biomarker for various purposes, such as early diagnosis, molecular classification, prognosis assessment, and therapeutic development for cancer.[@b5-ott-9-279]--[@b7-ott-9-279] However, TERT has also been detected in activated lymphocytes infiltrating the tumor tissues, thereby limiting its use in the diagnosis and prognosis of cancer.[@b8-ott-9-279]

Interestingly, TERT promoter methylation, associated with TERT expression in most telomerase-positive tumors, has been found in most cancer cells but not in activated lymphocytes with telomerase activity.[@b9-ott-9-279]--[@b15-ott-9-279] Therefore, TERT methylation can be a useful cancer biomarker avoiding the interference of activated lymphocytes. In this study, we investigated the methylation pattern of TERT in GC and also elucidated the clinicopathological and prognostic significance of TERT methylation using a highly sensitive Sequenom Epityper assay.[@b16-ott-9-279],[@b17-ott-9-279]

Materials and methods
=====================

Patients
--------

Between 2007 and 2009, 116 patients with GC were treated at Shanghai Cancer Center of Fudan University. All patient-derived specimens were collected and archived under protocols approved by the Institutional Review Boards of the Shanghai Cancer Center of Fudan University. Written consent for research purposes was obtained from all patients prior to surgery. All patients had undergone partial or total gastrectomy and received R0 resection. Patients treated with preoperative chemotherapy or radiotherapy were excluded from this study.

The study collected information on the patient sex, gastric wall invasion, lymph node metastasis, histological grade, and neural or lymphovascular invasion. The diagnosis was confirmed by at least two pathologists, and staging was based on pathological findings according to the seventh American Joint Committee on Cancer guidelines. Overall survival (OS) was calculated from the date of initial surgery to the follow-up deadline or date of death. The follow-up deadline for conducting the analysis was January 2015.

Samples
-------

Tumor samples and their corresponding normal tissues (N=116) obtained during surgery were stored at −80°C. Genomic DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's procedure. Bisulfite modification of DNA was performed by EpiTect Fast DNA Bisulfite Kit according to the specified protocol (QIAGEN).

Quantitative MassARRAY analysis of gene methylation status
----------------------------------------------------------

The Sequenom MassARRAY platform was used for the quantitative methylation analysis of TERT promoter region. The methylation status of a detected pattern was then analyzed using Epityper software version 1.0 (Sequenom Inc, San Diego, CA, USA). Polymerase chain reaction (PCR) primers were as follows: forward: 5′-GAGTTTGGATTTTTGGGAAGTTT-3′, reverse: 5′-TAAAACCAACATCTAATCACATCCC-3′. The amplified regions used for Sequenom are shown in [Figure 1](#f1-ott-9-279){ref-type="fig"}. The quantitative results were referred to as cytosine-phosphate-guanine (CpG) units (units containing either one individual CpG site or multiple consecutive CpG sites). Methylation levels were presented as the ratio of methylated cytosines over the total number of methylated and unmethylated cytosines. TERT methylation was calculated as the mean of all CpG units. The cutoff of TERT methylation in tumor tissues was set at 35.5% according to a receiver operating characteristic (ROC) analysis having balanced sensitivity and specificity. TERT methylation greater or equal to 35.5% was considered as hypermethylated.

The CpG units that produced data for less than 30% of samples (unreliable CpG units) as well as samples lacking more than 30% of their data points (unreliable samples) were discarded.[@b18-ott-9-279]

Quantitative Real-time PCR
--------------------------

The expressions of TERT in 116 tumor tissue samples were confirmed by quantitative real-time PCR (qRT-PCR). Total RNA was extracted by TRIzol, and cDNAs were reverse transcribed by RevertAid™ (Thermo Fisher Scientific Inc, Vilnius, Lithuania) reverse transcriptase. Real-time PCR was carried out using the ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 5′-TGAAGGTCGGAGTCAACGG-3′ (sense) and 5′-CTGGAAGATGGTGATGGGATT-3′ (antisense). The primers for TERT were 5′-AAATGCGGCCCCTGTTTCT-3′ (sense) and 5′-CAGTGCGTCTTGAGGAGCA-3′ (anti-sense). The expression of the target genes was normalized to that of GAPDH. Each assay was performed in triplicate, the average was calculated, and the expression level of TERT was expressed as 2^−ΔΔCt^, where ΔCt = Ct (TERT)--Ct (GAPDH).

Statistical analysis
--------------------

The paired-samples t-test was used to compare methylation levels between tumor and corresponding normal tissues. The chi-square test or the Fisher's exact test was performed to assess the associations between TERT promoter methylation and clinicopathological characteristics. The association between TERT methylation and TERT mRNA expression was investigated with simple linear regression and independent-samples *t*-test. Kaplan--Meier analysis was performed to calculate OS and the log-rank test was used for estimating the significance between survival curves. Multivariate analysis was performed with the Cox proportional hazard regression model to identify independent factors prognostic for OS. The variables affecting the prognosis in univariate analysis were added into multivariate analysis. The differences were considered statistically significant if the two-tailed *P*-value was less than 0.05. All the statistical analysis was performed using SPSS17.0 software.

Results
=======

Methylation levels of individual CpG units or TERT promoter in GC tissues and corresponding normal tissues
----------------------------------------------------------------------------------------------------------

After removal of the unreliable data, we obtained 11 informative CpG units containing 22 CpG sites, and we analyzed the methylation levels of each CpG unit in GC and normal tissues. The methylation levels at CpG_17 (*P*=0.046), CpG_18.19.20.21 (*P*=0.002), CpG_22 (*P*=0.007), and CpG_24.25 (*P*=0.003) were significantly higher in GC tissues than in normal tissues ([Table 1](#t1-ott-9-279){ref-type="table"}).

TERT methylation was significantly higher in GC tissues than in normal tissues. The mean TERT methylation was 33.0%±5.4% (95% confidence interval \[CI\]: 32.0%--34.0%) in GC tissues and 31.4%±3.2% (95% CI: 30.9%--32.0%) in normal tissues (*P*=0.002) ([Figure 2](#f2-ott-9-279){ref-type="fig"}).

TERT methylation in relation to clinicopathological characteristics
-------------------------------------------------------------------

The clinicophathological characteristics of 116 GC patients are summarized in [Table 2](#t2-ott-9-279){ref-type="table"}. The median age of the patients at surgery was 59 years (range, 29--86 years).

Based on the cutoff of 35.5%, 116 GC patients were divided into hypermethylation group (TERT methylation ≥35.5%) and non-hypermethylation group (TERT methylation \<35.5%). TERT methylation status in all the GC specimens was then correlated with six widely recognized clinicopathological characteristics ([Table 2](#t2-ott-9-279){ref-type="table"}). TERT methylation in GC was not associated with sex, age, and histological grade ([Table 2](#t2-ott-9-279){ref-type="table"}). However, hypermethylation was more frequently observed in tumors with high T-stage (T1--2 vs T3--4, *P*=0.024), late N stage (N0--2 vs N3, *P*=0.006), and lymphovascular/neural invasion (negative vs positive, *P*=0.035). Notably, the correlation of TERT methylation with gastric wall invasion, lymph node metastasis, and lymphovascular/neural invasion suggested a potential role of TERT methylation in increased GC metastasis.

TERT methylation in relation to TERT mRNA
-----------------------------------------

The expression of TERT in GC tissues was analyzed using qRT-PCR. Simple linear regression analysis indicated that TERT mRNA expression correlated positively with TERT methylation, and the coefficient of determination (*R*^2^) was 0.562 (*P*=0.001) ([Figure 3](#f3-ott-9-279){ref-type="fig"}). In hypermethylated tumors, the expression levels of TERT mRNA were much higher (2.35±0.48) than in non-hypermethylated tumors (1.82±0.39, *P*=0.005) ([Figure 4](#f4-ott-9-279){ref-type="fig"}).

TERT methylation in relation to patient prognosis
-------------------------------------------------

All the GC patients (N=116) were followed up and their median OS was calculated to be 62.2 months (95% CI: 48.3--76.1). Using univariate analysis, we found that TERT-non-hypermethylation patients lived longer than TERT-hypermethylation patients (mean OS: 64.1 vs 44.0 months, *P*=0.004) ([Figure 5](#f5-ott-9-279){ref-type="fig"}). N0--N2 patients showed better OS than N3 patients (mean OS: 69.6 vs 47.3 months, *P*=0.002) ([Figure 6](#f6-ott-9-279){ref-type="fig"}). Other clinicopathological parameters such as age, sex, histological grade, gastric wall invasion, and lymphovascular/neural invasion did not have any impact on the prognosis ([Table 3](#t3-ott-9-279){ref-type="table"}). Moreover, multivariate analysis using the Cox proportional hazards model showed that lymph node metastasis (*P*=0.013) and TERT methylation (*P*=0.031) were independent prognostic factors of GC ([Table 3](#t3-ott-9-279){ref-type="table"}).

Discussion
==========

In our study, we detected that TERT promoter methylation increased significantly in GC tissues compared to corresponding normal gastric tissues. Importantly, combined with clinical data, TERT methylation was associated with lymph node metastasis. Survival analysis showed that hypermethylation of TERT was associated with reduced OS in GC patients. TERT methylation may serve as an independent prognostic factor for GC patients. To the best of our knowledge, this is the first report demonstrating an association of TERT hypermethylation with aggressive histological features and poor prognosis in patients with GC.

Telomerase is a specialized reverse transcriptase required for the addition of telomeric repeats at the ends of eukaryotic chromosomes and is responsible for continuous cell growth. Progressive telomere shortening from cell division (replicative aging) blocks tumor progression. However, one of the hallmarks in advanced malignancies is continuous cell growth and this is almost universally related with the reactivation of telomerase.[@b19-ott-9-279] Telomerase activity is observed in approximately 90% of all malignant tumors and may predict poor prognosis in ordinary meningiomas, hepatocellular carcinomas, non-small-cell lung cancer, breast cancer, and neuroblastomas.[@b19-ott-9-279],[@b20-ott-9-279]--[@b25-ott-9-279] TERT is a catalytic subunit of the telomerase and plays a critical role in the regulation of telomerase activity.[@b3-ott-9-279],[@b4-ott-9-279] TERT promoter was previously described as hypermethylated in many telomerase-positive tumors and cell lines.[@b9-ott-9-279],[@b10-ott-9-279] The degree of TERT methylation correlated positively with the level of telomerase activity in tumor cell lines as well as tumor tissues from different organs.[@b11-ott-9-279],[@b26-ott-9-279],[@b27-ott-9-279] In the present study, we observed significantly reduced TERT methylation in normal gastric tissues compared to GC tissues, which is in line with a previous study based on methylation-specific PCR.[@b3-ott-9-279] We investigated the same region (chromosome 5: 1, 295, 557-1, 295, 772 \[GRCh37/hg19\]) of *TERT* gene that was studied previously by Catelo-Branco.[@b33-ott-9-279] This amplicon included 25 CpG sites. We did not find increased methylation levels in some of the CpG sites of the GC tissues and this can be explained as follows: 1) some CpG sites in the promoter of TERT may not be the representative sites for methylation, (2) limited samples size may affect the results, and (3) limitation of the method (MassARRAY) may also affect the accuracy of the methylation levels for CpG sites with low methylation levels. We, therefore, detected different changes in the 25 CpG sites. Our findings suggested that the detection of TERT methylation by Sequenom Epityper may serve as a useful tool for GC diagnosis.

In prostate cancer-prone mouse models, TERT was found to be involved in rapidly progressive disease and bone metastasis.[@b28-ott-9-279] Our data revealed that TERT methylation was positively associated with lymph node metastasis, gastric wall invasion, and lymphovascular/neural invasion, indicating that TERT methylation may identify an aggressive subgroup of GC. In simple linear regression model, TERT expression positively correlated with TERT methylation. Besides, we also verified that TERT expression in hyper-methylated GC samples was significantly higher than in non-hypermethylated GC samples, which is in agreement with studies reporting a positive correlation between TERT methylation and mRNA expression.[@b13-ott-9-279],[@b14-ott-9-279] Conversely, Gigek et al observed no relationship between TERT methylation and TERT expression, but they found that TERT protein expression rather than TERT methylation was related to lymph node metastasis in GC.[@b3-ott-9-279] This difference may be due to two reasons. First, their study included population with heterogeneity in TNM stage. We only assessed the status of TERT methylation in GC patients without distant metastasis at diagnosis. Second, methylation-specific PCR was used in their study; however, this method has disadvantages.[@b29-ott-9-279] The Sequenom Epityper assay used in our study is highly accurate with regards to specific methylation sites and it enables both quantitative assessment of methylation levels and analysis of multiple methylation sites, which enables to obtain more precise data.[@b17-ott-9-279],[@b30-ott-9-279]--[@b32-ott-9-279] Hence, we speculate that hypermethylation of TERT may be a useful biomarker in the identification of GC subsets with aggressive phenotypes.

To date, no studies have investigated TERT methylation as a prognostic factor in relation to survival in GC. We found that hypermethylation of TERT correlated with shorter OS and was an independent prognostic factor in GC, which is consistent with the previous studies suggesting the prognostic significance of TERT methylation in carcinomas of other locations, such as brain tumors, ovarian cancer, and cervical cancer.[@b33-ott-9-279],[@b34-ott-9-279]

Although the prognostic importance of TERT methylation has been supported by some evidence, a threshold defining whether the measured methylation level is hypermethylated or hypomethylated has yet to be established. Castelo-Branco et al observed the prognostic impact of TERT methylation on pediatric brain tumors using a cutoff value of 15%.[@b33-ott-9-279] In our study, we conducted ROC analysis in order to precisely identify an optimal cutoff value for TERT methylation in patients with GC. For the continuous data obtained from our samples, the area under the curve (AUC) was found to be 0.601 and the cutoff value of methylation based on the Youden's index was 35.5%. However, further studies are necessary to determine whether the cutoff of 35.5% is valid for the diagnosis and prognosis of GC.

Conclusion
==========

To our knowledge, this is the first study to report that TERT hypermethylation may be involved in tumor progression and to provide a basis for the development of TERT methylation as a prognostic marker in GC. Determination of TERT methylation patterns may help identify high-risk GC patients, thereby enabling the optimization of treatment modalities. Nevertheless, this is a retrospective study with small sample size and innate bias in patients and methods. Further studies with large sample sizes are, therefore, essential to define the clinical implications of TERT methylation in GC.
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![Structure diagram of the TERT promoter region.\
**Note:** The amplified regions used for Sequenom analysis are shown as an open box.\
**Abbreviations:** TERT, telomerase reverse transcriptase; TSS, transcription start site.](ott-9-279Fig1){#f1-ott-9-279}

![Median methylation levels of TERT between GC and normal tissues.\
**Note:** 3 and 7 are identifiers of two samples in the statistical analysis.\
**Abbreviations:** GC, gastric cancer; TERT, telomerase reverse transcriptase.](ott-9-279Fig2){#f2-ott-9-279}

![Regression analysis of TERT mRNA versus TERT methylation (*R*^2^=0.562).\
**Abbreviations:** *R*^2^, coefficient of determination; TERT, telomerase reverse transcriptase.](ott-9-279Fig3){#f3-ott-9-279}

![Median mRNA levels of TERT between HM and NHM GC tissues.\
**Note:** 5 and 6 are identifiers of two samples in the statistical analysis.\
**Abbreviations:** GC, gastric cancer; HM, hypermethylation; NHM, non-hypermethylation; TERT, telomerase reverse transcriptase.](ott-9-279Fig4){#f4-ott-9-279}

![Comparison of survival curves based on TERT methylation.\
**Abbreviations:** HM, hypermethylation; NHM, non-hypermethylation; TERT, telomerase reverse transcriptase.](ott-9-279Fig5){#f5-ott-9-279}

![Comparison of survival curves based on lymph node metastasis.](ott-9-279Fig6){#f6-ott-9-279}

###### 

Methylation levels of individual CpG units in GC and corresponding normal tissues

  CpG position      GC tissues, % (mean ± SD)   Normal tissues, % (mean ± SD)   *P*-value
  ----------------- --------------------------- ------------------------------- -----------
  CpG_1             23.5±11.3                   22.7±9.6                        0.406
  CpG_2.3.4         36.3±5.6                    37.7±6.8                        0.075
  CpG_5.6.7         38.5±14.3                   36.2±9.2                        0.143
  CpG_8.9           28.1±10.1                   28.2±7.3                        0.921
  CpG_13.14         14.9±4.9                    14.9±3.8                        0.911
  CpG_15.16         42.4±6.0                    41.4±4.9                        0.149
  CpG_17            62.4±27.5                   57.6±23.7                       0.046
  CpG_18.19.20.21   36.7±7.3                    34.6±3.7                        0.002
  CpG_22            29.7±7.2                    27.7±4.1                        0.007
  CpG_23            12.6±8.6                    11.8±7.1                        0.332
  CpG_24.25         36.9±6.6                    34.7±4.7                        0.003

**Abbreviations:** GC, gastric cancer; CpG, cytosine-phosphate-guanine; SD, standard deviation.

###### 

Relationship between telomerase reverse transcriptase methylation and clinicopathological characteristics of 116 GC patients

  Characteristics                  Hypermethylation, n (%)   Non-hypermethylation, n (%)   *P*-value
  -------------------------------- ------------------------- ----------------------------- -----------
  Number of cases, n (%)           38 (32.8)                 78 (67.2)                     --
  Age                                                                                      
   \<60 years                      21 (55.3)                 43 (55.1)                     0.989
    ≥60 years                      17 (44.7)                 35 (44.9)                     
  Sex                                                                                      
   Male                            30 (78.9)                 59 (75.6)                     0.692
   Female                          8 (21.1)                  19 (24.4)                     
  Histological grade                                                                       
   Well/moderate                   9 (23.7)                  17 (21.8)                     0.819
   Poor                            29 (76.3)                 61 (78.2)                     
  Gastric wall invasion                                                                    
   T1--2                           3 (7.9)                   20 (25.6)                     0.024
   T3--4                           35 (92.1)                 58 (74.4)                     
  Lymph node metastasis                                                                    
   N0--N2                          8 (21.1)                  37 (47.4)                     0.006
   N3                              30 (78.9)                 41 (52.6)                     
  Lymphovascular/neural invasion                                                           
   Negative                        6 (15.8)                  27 (34.6)                     0.035
   Positive                        32 (84.2)                 51 (65.4)                     

**Abbreviation:** GC, gastric cancer.

###### 

Univariate and multivariate analysis of the prognostic significance of individual clinicopathological characteristics on overall survival

  Characteristics                  n    Univariate analysis   Multivariate analysis                                  
  -------------------------------- ---- --------------------- ----------------------- ------- ------- -------------- -------
  Age                                                                                                                
   \<60 years                      64   56.4                  48.3--64.4              0.580   --      --             --
    ≥60 years                      52   55.5                  46.2--64.8              --      --      --             --
  Sex                                                                                                                
   Male                            89   59.7                  52.2--67.1              0.086   --      --             --
   Female                          27   47.4                  37.1--57.7              --      --      --             --
  Histological grade                                                                                                 
   Well/moderate                   26   50.9                  40.6--61.3              0.352   --                     --
   Poor                            90   59.1                  51.4--66.8              --      --      --             --
  Gastric wall invasion                                                                                              
   T1--2                           23   45.4                  34.5--56.4              0.374   --      --             --
   T3--4                           93   58.4                  51.4--65.4              --      --      --             --
  Lymph node metastasis                                                                                              
   N0--N2                          45   69.6                  60.3--78.9              0.002   2.338   1.193--4.501   0.013
   N3                              71   47.3                  40.1--54.4              --      --      --             --
  Lymphovascular/neural invasion                                                                                     
   Negative                        33   52.8                  44.0--61.6              0.783   --      --             --
   Positive                        83   56.3                  48.7--63.9              --      --      --             --
  TERT methylation                                                                                                   
   Hypermethylation                38   44.0                  34.4--53.6              0.004   1.966   1.057--3.287   0.031
   Non-hypermethylation            78   64.1                  56.5--71.8              --      --      --             --

**Note:** "--" represents data not available.

**Abbreviations:** OS, overall survival; CI, confidence interval; TERT, telomerase reverse transcriptase.
